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Abstract 
An exergetic analysis was made to a GAX refigeration cycle. This GAX refigeration system was designed to produce 10 kW 
cooling power using two thermal sources, LP gas and solar energy, the system used to be air cooled avoiding the cooling tower. 
The methodology of exergetic cost was used to identify which part of the system generates the most irrerversibilites. The results 
indicates the absorber, the generator and the rectifier are the most irreversible components of the system. The sum of these three 
components irreversibilities represent the 58% of the total irreversibility. The exergetic cost was calculated for all of the flows of 
the GAX refrigeration cycle, the unit exergetic cost of the heat flow at the evaporator is 6.8. The highest exergetic cost was found 
in the solution coming out of the rectifier to the generator heat exchanger.  
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1. Introduction  
The absorption technology is used to provide cooling, heating and air conditioning, these systems are an 
interesting technology because they use a thermal source to produce cold. Generally the thermal source is waste heat 
for some processes but it can also be provided with a renewable resource as solar thermal heat.  
The Generator Absorber heat eXchange absorption cooling cycle has a great potential to decrease electrical 
energy consumption for refrigeration in the residential and small commercial area. A hybrid solar GAX refrigerator 
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system also offers the possibility of using alternative thermal energy technologies such as advanced concentrating 
collectors in areas with high solar resource [1].  
The exergetic analysis allows the quantification of the irreversibilities of the processes which represent losses in 
the work potential. The exergy method for analyzing, designing, improving and optimizing systems and processes 
has shown an increased use in the industrial and research areas [2]. Some of the investigations in this subject are 
listed below.  
Velazquez et al [3] reported the exergy analysis of a GAX cycle compared to a conventional absorption cycle 
operating with ammonia-water mixture, using the program developed by Herold for the thermodynamic properties 
for the mixture and also for air and water using the ASPEN PLUS program. They presented the results of exergy 
indicators for each system component. 
 
 
Nomenclature 
1A Absorber 
1G LP gas generator  
2G Solar resource generator 
AHX Absorber Heat eXchanger 
Con Condenser 
Eva Evaporator 
GAX Generator Absorber eXchanger 
GHX Generator Heat eXchanger 
Pre Precooler 
Rec Rectifier 
mሶ  Mass flow 
h Specific entalphy 
s Specific entropy 
A Incident matrix 
B Exergy vector 
B* Exergetic cost vector 
E Energy vector 
I Irreversibility vector 
M Mass flow vector 
COP Coefficient of performance 
FR Flow ratio 
P Pressure, pump 
Q Heat transfer 
T Temperature 
W Work 
k* Unit exergetic cost 
m Number of flows 
n Number of subsystems 
x Ammonia concentration 
Subscripts 
0 Reference state 
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Sencan et al [4] performed an exergy analysis of a system of single-effect absorption system using lithium 
bromide water mixture for cooling and heating applications. Concluding that the generator and absorber had the 
highest exergy losses due to the heat resulted of the mixture in the solution. They determined the COP and exergy 
efficiencies under different operating conditions. Their results showed that the COP increases slightly when the heat 
source temperature raises, whereas the second law efficiency of the system decreases. This is presented for both 
applications cooling and heating. For the heating application the COP and exergy efficiency of the system increases 
when the inlet temperature of the cooling water is raised, whereas for cooling the COP increases and second law 
efficiency decreases. 
 
Rivera et al [5] reported the energy and exergy analysis of a single stage heat transformer, operating with the 
lithium bromide-water mixture. They used various parameters such as COP, ECOP, I and Pot. Concluding that the 
highest COPs are obtained by operating at a highest concentration tested of 59 %, and over half of the total 
irreversibilities of the system were presented at the absorber . 
Yari et al [6] made an energetic and exergetic analysis of a refrigeration hybrid GAX cycle and a simple GAX 
cycle using correlations reported by Pátek [7] to calculate the properties of the ammonia water solution. They 
obtained the COP, the irreversibility for each component and the second law efficiency with the EES program 
varying the temperature of the generator. They found a generator temperature value for which the COP and second 
law efficiency were maximum. Concluding that the temperature change in the generator had a greater influence on 
the exergy efficiency than on the COP, the absorber and generator had the highest exergy destruction and finally the 
hybrid GAX cycle obtained better performance than the single GAX.  
Izquierdo et al [8] calculated the maximum amount of available energy to power a lithium-bromide- water 
absorption refrigeration system, through a flat plate collector field in Madrid and its daily distribution. Using the 
Müser model of endoreversible engine for the conversion of solar radiation exergy. The maximum exergy 
availability fluctuated from 800 kJ/m2 on a hot, clear day to 950 kJ/m2 in a warm, clear day. The maximum 
exergetic daily efficiency was 3 %.  
Based on this, an exergetic analysis is applied to a GAX cooling cycle in order to find the component or the 
process in which most of the irreversibilities are presented and to propose improvements for future designs.  
2. GAX absorption refrigerator]] 
The Generator Absorber heat eXchange (GAX) refrigeration system works in a cycle with higher effect 
performance than the simple cycle because of a high interchange between the absorber and the generator. The 
diagram of the GAX refrigeration system used in this work is shown in figure 1. This diagram corresponds to a 
GAX cooling system developed at the Instituto de Energía Renovables of the Universidad Nacional Autónoma de 
México.  
The absorption refrigeration system uses ammonia as a refrigeration fluid and water as an absorber. It was 
designed to produce 10 kW of cold. The system consists in a generator, a rectifier, a condenser, an evaporator, an 
absorber, a precooler, two expansion valves and a solution pump. The generator and the absorber are integrated in 
two columns respectively. The generator-rectifier column is composed of four subsystems, which are two generators 
one using solar energy (2G) and the other using Liquefied Petroleum gas (1G), one Generator Heat eXchanger 
(GHX), and one rectifier at the top. The absorber-GAX column consists of three subsystems, one absorber (1A), one 
Absorber Heat exchanger (AHX) and one GAX at the top. In the diagram of figure 1 the columns are grouped by 
dashed lines. This system was designed to be air cooled avoiding the cooling tower. Several studies on this 
refrigeration system have been reported [1, 3, 9].  
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Fig. 1. Diagram of the GAX refrigeration system. 
The GAX refrigeration system works with two levels of pressure, high pressure is 20 bar and the low is 5 bar. 
7KHV\VWHPRSHUDWHVLQIRXUWHPSHUDWXUHOHYHOVIRUWKHH[WHUQDOVWUHDPVƕ&LQWKH/3JDVJHQHUDWRUƕ&LQWKH
generator working with the soODUUHVRXUFHƕ&LQWKHDEVRUEHUDQGWKHFRQGHQVHUDQGƕ&LQWKHHYDSRUDWRU7KH
operating conditions of internal flows are shown in table 1. The weak and the strong solution are the mixtures that 
comes from the generator and the absorber respectively.  
Table 1. Operating condition 
 Weak 
solution 
Strong 
solution 
Ref 
T [ C] 199.3 50.0 4.3 
P [bar] 20 5 5 
mÚ  [kg/min] 0.79 1.35 0.55 
x [%] 3.9 43.7 99.5 
Table 2. Energy transfer in the components of the refrigeration system. 
 kW 
Q1G 10.393 
Q2G 2.217 
QGH X 4.489 
QRec 2.998 
QCon 10.668 
QPre 1.427 
 
 kW 
QEva 10.551 
QGAX 5.705 
QAH X 4.884 
Q1A 8.988 
WP 0.027 
COP 0.837 
The heat transfers values are shown in the table 2. This system was designed to obtain a cooling load of 10.55 
kW, the theorical COP is 0.837 with a flow ratio of 2.43, the definition of COP and flow ratio are presented in 
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equations 1 and 2. For this conditions the total heat recovery is 15 kW, from which 4.5 kW are recuperated from the 
GHX and 10.6 kW from the absorber-GAX column.  
 
COP = QEva
Q1G+Q2G
         (1) 
 
FR = mሶ 7mሶ 23
      (2) 
3. Methodology 
The exergetic analysis methodology was applied to a GAX absorption cooling cycle. The data used was obtained 
from the design data of the prototype made in the Instituto de Energías Renovables. The exergetic cost methodology 
presented by Lozano and Valero [10] was used. The objectives are to find the exergy cost of all flows of the system 
in order to find how is the energy distributed between the processes and to identify the components with higher 
irreversibilities.  
The methodology used will be explained below. First the system structure is defined, identifying all the mass and 
energy interactions in each subsystem and classfying their productive function. Each subsystem or component has a 
productive function which contributes to achieving the final aim of production. The flow or combination of flows 
that constitutes the product, the resource and the losses for each subsystem has to be identified.  
The incident matrix A [nxm] is the representation of the interaction between the subsystems and the flows. It is 
composed of 1,-1 or 0, the value depends on the interaction of the flow m with the subsystem n, 1 for inlet, -1 for 
outlet and 0 meaning no interaction. The GAX refrigeration system has sixteen subsystems marked in the diagram 
with roman numbers and thirty four flows with arabic number, thus the size matrix is [16x34]. Twenty seven flows 
corresponds to mass flows and six to heat transfers and one to work interaction.  
The mass and energy balance equations are described by the matrix equations 3 and 4.Where M and E are the 
mass and energy vectors with m elements. The incidence matrix by the mass vector product has to be zero in order 
to fulfill the mass conservation, which also applies to the energy balance.  
 
A×M = 0      ( 3) 
 
A×E = 0      ( 4) 
 
The irreversibilities of each subsystem are obtained multiplying the matrix A by the vector of exergy B.  
 
A×B = I      ( 5) 
 
The exergy value of each flow is obtained with the information of the system in order to calculate the 
irreversibility vector I. The exergy associated to a work interaction, heat transfer and mass flow is indicated in the 
following expressions, where the subscript 0 indicates the referent state.  
BW = W       ( 6) 
 
BQ = Q ቀ1 െ బ்் ቁ      ( 7) 
 
B=m ሶ ൣ൫h-h0൯-T0൫s-s0൯൧     ( 8) 
 
The exergetic cost of a flow is the quantity of energy needed to produce it and it is a conservative property as the 
equation 9 indicates. 
 
A×B*=0      ( 9) 
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In order to find the exergetic cost for each flow the matrix equation 9 must be resolved. m-n equations have to be 
formulated and added to the matrix A to make it a square matrix. These new equations have to determine the 
exergetic cost and are presented as a matrix equation 10 . To formulate these equations it must be considered : a) 
The definition of resources, product and looses, b) The objective subsystem and the global process, and c) The 
inflow costs should affect outflow costs. Valero has presented a procedure for the formulation of these of equations 
based on four propositions [10].  
 
Ƚ×B*=ɘ      ( 10) 
 
The square matrix is called the extended matrix, it contains the exergetic cost balance and the proposition  
of exergetic cost, as shown in the equation 11.  
 
A
ఈ
×B*= ଴
ఠ
      ( 11) 
 
The ratio of the exergetic cost and the exergy is called unit exergetic consumption, kכ. The objetive in an 
optimization processes to minimize this parameter.  
 
k*= B
*
B
       ( 12) 
4. Results 
The exergetic analysis was carried out and the following results were obtained. The environmental state is 
defined by the temperature and the pressure, T0 = 298 K y P0 = 1 bar. To calculate the thermophysical properties of 
the ammonia water mixture the equations reported by Ibrahim [11] were used. The results show that the components 
with more irreversibilities are the generator, the absorber and the rectifier, the highest irreversibility is located in the 
generator with 0.71 kW. The total irreversibility of the system is 3.3 kW which represents 67% of the exergy 
provided to the generator by both the solar and the LP gas. pat 
The energy recuperation subsystems are the GHX, the AHX and the GAX. The amount of energy recuperated in 
the subsystem mentioned before is 15.08 kW, which in terms of exergy corresponds to 3.37 kW. This means that 
only 22% of the recovered energy is able to produce work. The GHX recovers 1.4 kW of exergy used as heat source, 
both the AHX and the GAX recover 1.97 kW of exergy thus the absorber-GAX column recovers 58.46% of the total 
exergy recuperated.  
Table 3. Productive structure 
Subsystem Resource Product 
I -32 6+2-1-5 
II 7-8 3+5-2-4 
III 8-9 4-3-18 
IV 34 7-6 
V 9 10+11 
VI 11+12 13 
VII 10+21 22 
VIII 31 16+19-15 
 
Subsystem Resource Product 
IX 30 20+15-14-19 
X 16-17 14+21-13-20 
XI -29 23+12-22 
XII -28 24-23 
XIII 24-25 27-1 
XIV 25 26 
XV 27-26 33 
XVI 17 18 
Table 3 shows the productive structure of the refrigeration system. In the first column is the subsystem number, 
the numbers corresponding to the flow (or the combination of flows) of the resource are reported in the second 
column for each subsystem and the third column presents the products. For the subsystem I (the absorber) the 
resource is the extraction of heat, which is flow 32 because this allows to maintain the absorption capacity of the 
diluted solution and the product is the exergy difference of inlet and outlet flows. In the evaporator, the product is 
the exergy transfer due to the cooling process, this product is flow number 33 and the resource is the exergy 
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difference of the refrigerant, which is flow 27 minus flow 26. The importance of this table resides in the fact that 
this is the basis for the formulation of the propositions to obtain the exergetic cost.  
The energy E, the exergy B, the exergetic cost Bכ and the unit exergetic cost k of all the flows are presented in 
table 4. It is defined that the exergetic cost values of all the heat transfers processes that happen to and from the 
system are equal to their exergy values. Because these heat transfer processes are the resources of the subsystems 
and therefore have the lowest exergetic cost values of the system. The mass flow that needs more exergy to be 
produced is the flow 13 with a value of 41.02 kW, it corresponds to the flow entering at the generator heat 
exchanger (GHX). The mass flow that needs less exergy to be produced is the flow 3, the vapor refrigerant entering 
to the GAX.  
The product of the GAX refrigeration systems is the heat transfer process in the evaporator, flow 33, its unit 
exergetic cost is 6.8, this means that the system requieres 6.8 kW of exergy to retired 1 kW of exergy associated to 
cooling heat transfer. The higher unit exergetic cost of the system corresponds to flow 12, where the solution returns 
to the generator heat exchanger, this value is 84.4. The exergy of the flow being too low, 0.21 kW causes the 
exergetic cost of this particular flow to be so high.  
 
 
Fig. 2. Irreversibilities of each component of the GAX refrigeration syste 
Table 4. Energy and exergy values for all flow in the system 
 
Flow E[kW] B[kW] B*[kW] k  Flow E[kW] B[kW] B*[kW] k 
1 16.40 2.07 12.18 5.9  18 11.85 4.48 18.09 4.0 
2 9.06 1.21 7.20 6.0  19 9.45 2.32 9.32 4.0 
3 5.61 0.90 3.77 4.2  20 11.26 2.65 16.16 6.1 
4 11.76 3.86 14.23 3.7  21 15.27 3.50 27.79 7.9 
5 10.34 3.24 13.64 4.2  22 20.41 4.68 34.67 7.4 
6 8.74 3.04 18.18 6.0  23 16.47 3.76 16.51 4.4 
7 8.77 3.08 18.22 5.9  24 5.88 2.93 16.00 5.5 
8 13.65 3.76 22.26 5.9  25 4.46 2.89 15.80 5.5 
9 19.36 5.06 29.88 5.9  26 4.45 2.85 15.80 5.5 
10 5.08 1.16 6.88 5.9  27 15.00 2.13 11.98 5.6 
11 14.28 3.89 23.00 5.9  28 10.67 0.51 0.51 1.0 
12 0.78 0.21 18.01 84.4  29 3.00 0.14 0.14 1.0 
13 15.04 4.10 41.02 10.0  30 2.22 0.69 0.69 1.0 
14 15.52 4.41 35.03 7.9  31 10.39 4.17 4.17 1.0 
15 16.03 4.75 28.89 6.1  32 8.99 0.43 0.43 1.0 
16 16.34 5.90 23.74 4.0  33 10.55 0.56 3.82 6.8 
17 11.85 4.49 18.09 4.0  34 0.04 0.04 0.04 1.0 
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5. Conclusions 
The results indicates that the generator, the absorber, and the rectifier are the most irreversible parts of the 
system. The sum of these three components irreversibilities represent the 58% of the total irreversibility. It is 
acceptable that the value of the generator that works with LP gas is the highest because it works with the highest 
temperature of the system. The system has an internal energy recovery of 15.08 kW, of which only 22% is able to 
produce work, this percentage is the exergy of the heat recovery.  
In the system diagram the flow 9 coming out of the GAX, it is separated in steam flow and liquid flow. The 
steam goes into the rectifier and the liquid goes to the GHX. This consideration made does not represent the real 
process for this flow. In the future there has to be an analysis with an adequate representation, considering all the 
flow 9 to enter entirely and not separated into the GHX, as it happens in the real process.  
It is important to apply the same exergetic analysis with the experimental results to quantify the increase of the 
irreversibilities in the real system and find out which of the flows have an exegetic cost higher than the expected.  
The exergetic cost was calculated for all of the flow of the GAX refrigeration cycle, the unit exergetic cost of the 
product of the system, the flow 33, is 6.8 this means that the system requires 6.8 kW of exergy to retire 1 kW of 
exergy associated to the cooling heat transfer process.  
This methodology applied to refrigeration systems can be used to the optimization of the system looking for the 
best operation conditions for different places and situations.  
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